Proton-coupled electron transfer at the Qo site: what type of mechanism can account for the high activation barrier?  by Crofts, Antony R. et al.
Proton-coupled electron transfer at the Qo site: what type of mechanism
can account for the high activation barrier?
Antony R. Crofts a;b;*, Mariana Guergova-Kuras b;1, Richard Kuras b;1,
Natalya Ugulava b;2, Jiyuan Li a, Sangjin Hong b;3
a Department of Biochemistry, University of Illinois, 419 Roger Adams Laboratory, 600 S. Mathews Avenue, Urbana, IL 61801, USA
b Center for Biophysics and Computational Biology, University of Illinois, Urbana, IL 61801, USA
Received 22 May 2000; accepted 13 June 2000
Abstract
In Rhodobacter sphaeroides, transfer of the first electron in quinol oxidation by the bc1 complex shows kinetic features (a
slow rate (approx. 1.5U103/s), high activation energy (approx. 65 kJ/mol) and reorganization energy, V (2.5 V)) that are
unexpected from Marcus theory and the distances shown by the structures. Reduction of the oxidized iron-sulfur protein
occurs after formation of the enzyme-substrate complex, and involves a H-transfer in which the electron transfer occurs
through the approx. 7 Aî of a bridging histidine forming a H-bond with quinol and a ligand to 2Fe-2S. The anomalous kinetic
features can be explained by a mechanism in which the electron transfer is constrained by coupled transfer of the proton. We
discuss this in the context of mutant strains with modified Em;7 and pK for the iron-sulfur protein, and Marcus theory for
proton-coupled electron transfer. We suggest that transfer of the second proton and electron involve movement of
semiquinone in the Qo site, and rotation of the Glu of the conserved -PEWY- sequence. Mutational studies show a key role
for the domain proximal to heme bL. The effects of mutation at Tyr-302 (Tyr-279 in bovine sequence) point to a possible
linkage between conformational changes in the proximal domain, and changes leading to closure of the iron-sulfur protein
access channel at the distal domain. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Enzymes of the bc1 complex family are the central
components in respiratory chains of mitochondria
and bacteria, and the photosynthetic chains of bac-
terial and (as the b6f complex) oxygenic photosyn-
thesis [1^3]. The bc1 complex catalyzes the oxidation
of quinol and the reduction of cytochrome (cyt) c
through a modi¢ed Q-cycle [4^6]. The integration
of the oxidation of quinol at the Qo site through
the bifurcated reaction, electron transfer across the
insulating phase through the b-heme chain, and
reduction of quinone at the Qi site, with the release
or uptake of protons in the aqueous phases, allows
the complex to pump protons across the mem-
brane.
Structures of bc1 complexes have shown some sur-
prising features associated with the Qo site [7^10].
Most dramatic has been the position of the extrinsic
head of the iron-sulfur protein (ISP), which has now
been found in at least eight di¡erent conformations
in di¡erent crystals of the native enzyme [7,10^12].
Because the distance from one or other of the redox
partners was too great to allow turnover in any static
structure, we suggested that movement of the extrin-
sic domain between reaction interfaces on cyt b and
cyt c1 must be an essential part of the catalytic cycle
[7,11]. A second feature of interest has been the large
volume of the Qo site, and the di¡erential binding of
inhibitors of di¡erent classes in the site [7^10,13].
The native structures show no occupant, so conclu-
sions about the binding of substrate, intermediate
SQ, and product must remain speculative. We have
suggested some revisions of the modi¢ed Q-cycle in
the context of these structural features and a detailed
kinetic study [11^17]. Although double occupancy
models have been proposed [18,19], we favor a mech-
anism involving a single quinone, and have suggested
that a movement of semiquinone in the Qo pocket
after its formation in the ¢rst electron transfer might
be required [13,15]. We have also provided a descrip-
tion of the energy landscape of the reaction, includ-
ing a preliminary Marcus treatment of the two sep-
arate electron transfer processes [16]. A paradoxical
feature noted in the latter study was the high activa-
tion barrier, and slow rate for the ¢rst electron trans-
fer in quinol oxidation from the enzyme-substrate
(ES) complex, which we have suggested involves a
H-transfer to the oxidized, dissociated ISP (ISPox)
through the bridging His-161, which is a ligand to
the 2Fe-2S cluster.
The importance of proton transfer [20^22] and
proton-coupled electron transfer reactions [23,24]
has focused attention on theoretical aspects of these
processes [25]. Recent work on model systems has
emphasized the controlling e¡ect of the driving force
for proton transfer in determining the pathway for
the electron transfer. Two di¡erent scenarios have
been discussed [25]: (i) ET,PT reactions in which
the proton transfer is favorable, electron transfer is
rapid and independent of proton transfer, and reor-
ganization energy is relatively low, and (ii) ETPT
reactions in which the proton transfer is unfavorable,
electron transfer rates are several orders of magni-
tude slower, and constrained by proton transfer so
that the two processes occur simultaneously, and re-
organization energy is high.
In this paper, we examine the reaction of quinol
oxidation in the bc1 complex of Rhodobacter sphaer-
oides, and note that the characteristics of the rate-
determining step brie£y outlined above are those of
an ETPT reaction. We also report on studies of mu-
tant strains in which the tyrosine residue at the en-
trance to the ISP access channel has been changed.
Surprisingly, two of these showed myxothiazol resis-
tance. The results may provide clues about the con-
formational changes accompanying turnover of the
Qo site and transfer of the second electron and pro-
ton.
2. Materials and methods
Growth of bacteria, and preparation of chromato-
phores were as described previously [5]. Strains with
mutations in cyt b [13,15] and ISP [26] were con-
structed as discussed in the cited papers. Measure-
ment of kinetic traces under controlled redox condi-
tions [27], and of X-band EPR spectra [26] were
performed as described elsewhere. Structural analysis
and graphics presentation were done using a Protein
Viewer program (HTML/Java-based, written in-
house) based on the Chime plug-in (MDL Informa-
tion Systems, San Leandro, CA) running in the Net-
scape Communicator browser (Netscape Communi-
cations). Graphical analysis and curve ¢tting were
BBABIO 44939 8-8-00
A.R. Crofts et al. / Biochimica et Biophysica Acta 1459 (2000) 456^466 457
performed using Origin 5.0 (Microcal Software,
Northampton, MA).
3. Results and discussion
3.1. Formation of the ES complex
Fig. 1 shows the mechanism we have proposed,
with the main processes contributing to the reaction
at the Qo site summarized in the context of model
structures, starting with a proposed con¢guration for
the ES complex. We have suggested that formation
of the ES complex (Fig. 1A,C) involves docking of
the ISP at an interface on cyt b, where the Qo site
opens to the aqueous phase [7,13]. Our model is
based on the con¢guration of the ISP seen in crystals
containing stigmatellin, where ligand formation is
between the inhibitor and the reduced ISP (H-
ISPred) and Glu-272 of cyt b, on the results of muta-
Fig. 1. Scheme showing the mechanism proposed for reactions at the Qo site after formation of the reaction complex. Numbers indi-
cate the sequence of reactions. (A) The ES complex, with QH2 and ISPox liganded by a H-bond through ISP-His-161, and a H-bond
from cyt b Glu-272. (B) Qo site after electron transfer, with quinone close to heme bL and Glu-272 rotated to point to a putative
water chain connecting to the P-phase aqueous domain. The H-ISPred has moved close to cyt c1, were it is oxidized. (C) Detail to
show the transfer of the ¢rst electron, and the relative pK values before and after H-transfer. The structure is rotated with respect to
A and B, so as to provide a clearer view; the product is shown before dissociation.
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genesis work in which Glu-295 of cyt b (equivalent to
Glu-272 of the chicken complex) was changed [15],
and on the dependence of the rate of reaction on the
concentration of the two substrates involved in for-
mation of the ES complex [16]. Resonance Raman
studies of the ISP and related Rieske-type iron-sulfur
proteins have shown a pK in the range between 7 and
10 that involves dissociation of histidine, and it is
most likely that this re£ects the pK of 7.6 for disso-
ciation of His-161 [31]. From the structures [7^10],
and the relative pK values measured for the ISP (ap-
prox. 7.6) [17,28], and for quinol in aprotic solutions
(s 11.3) [29,30], it seems likely that formation of the
ES complex involves a H-bond between the liganding
histidine (His-161) of the dissociated form of ISPox,
and the quinol as H-bond donor [13^17]. As a con-
sequence, since the reduced form shows no pK in the
physiological range, reduction of ISPox occurs by H-
transfer [17,32] instead of the electron transfer pre-
viously assumed. This provides a mechanism for re-
moval of the ¢rst H out of the site, since the proton
would be released on subsequent oxidation of H-
ISPred by cyt c1 (Fig. 1, processes 1, 2, 7).
In order to estimate the binding forces involved in
ES complex formation, we have assayed the rate of
quinol oxidation under conditions in which one or
other of the substrates (QH2 or ISPox) was varied
independently. In Fig. 2A, the rate is plotted as a
function of redox potential (to vary QH2), and com-
pared to the redox behavior expected for the quinone
pool, assuming Em;7 = 90 mV. Over the Eh range of
the kinetic titration, the concentrations of other re-
actants in the quinol oxidation process should be (to
a good approximation) constant, so the di¡erence
between the two curves will re£ect the di¡erential
binding of QH2 and Q in formation of the ES com-
plex, showing a value of approx. 14. In Fig. 2B, the
rate of quinol oxidation as a function of pH (to vary
ISPox/H-ISPox) is shown, and compared to the
curve showing the expected fraction of centers in
which the oxidized ISP is in the dissociated form,
assuming a pK of 7.6. In these experiments, the Eh
was adjusted at each pH so as to keep the degree of
reduction of the quinone pool the same (approx.
30%) before £ash activation. If formation of the ES
complex requires the ISPox form, the displacement
between the two curves shows the shift in pK con-
tributed by the association constant for ES complex
formation, giving a value of approx. 13. Since the
binding of Q and QH2 are about the same when
ISP is reduced [18,19], the close match between the
two values obtained argues strongly in favor of the
model we have proposed. The similarity of values
implies that the binding of either quinol in the ab-
sence of ISPox, or of ISPox in the absence of quinol,
is relatively weak, as suggested by the small e¡ect on
Km of mutation of Glu-272, or the weak binding of
ISP in the position docked on cyt b that is indicated
by the variability in population of this con¢guration
in di¡erent crystals [12].
3.2. Dependence of rate on the driving force for
proton-coupled electron transfer reactions
As noted in our kinetic study of the partial reac-
tions of the Qo site [16], the ¢rst electron transfer is
rate limiting (kV2U103 s31), occurs after formation
of the ES complex, and shows a high activation bar-
rier (approx. 65 kJ mol31), vG close to or 0, and
consequently a high value (approx. 2^2.5 eV) for V.
This high barrier is remarkable because of the very
short distance involved (approx. 7.3 Aî ). This anom-
alous feature has focused our attention on the special
role that liganding of the ISP protein plays in the
catalytic cycle. We have generated a number of
strains in which mutagenesis of ISP a¡ects the Em
and/or the pK value [26], and have investigated the
a¡ects of these changes on the rate of electron trans-
fer. A notable result from this work, and similar
studies from other groups [32^34], is that, for a num-
ber of di¡erent sites of mutation, and for ISPs from
di¡erent bacterial and mitochondrial sources, a plot
of log10(k) v. vEm showed all points close to the
same curve. We have discussed these results in the
context of the Marcus theory [35^38] for electron
transfer, and noted that the slope found is within
the range anticipated from models in which the ¢rst
electron transfer is rate limiting [16]. However, inter-
pretation of the slope obtained is not without ambi-
guity because of the involvement of the proton as a
constraining element, and the e¡ect of pK on the
driving force for proton transfer.
Marcus theory has been tested in the context of
electron transfer reactions in photochemical reaction
centers and similar ‘solid-state’ systems [37,38]. How-
ever, for reactions in which proton transfer accom-
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panies electron transfer, the experimental results
show anomalies [23^25,39^43], and explanations re-
quire some extension. In intramolecular electron
transfer processes involving large prosthetic groups
with extended conjugate bonding, the constraints of
Coulomb’s law are relaxed by the Born e¡ect; the
charge is delocalized so that the weak dielectric from
a larger volume of the hydrophobic phase can be
brought into play. In combination with the quan-
tum-mechanical properties of the electron, this facil-
itates charge separation, but also has the e¡ect of
lowering the reorganization energy, V, since this is
largely determined by the dielectric response. When
electron transfer is coupled to proton transfer, the
proton can have a restraining e¡ect, because the
charge is nuclear, and therefore more localized. The-
oretical interest in proton-coupled electron transfer
reactions has been stimulated by development of
well-de¢ned model systems, in which transfer
through a H-bond could occur either from a diamine
to a carboxylate, or vice versa [25]. The driving force
for the proton transfer accompanying electron trans-
fer (determined by the relative pK values) could
therefore be varied. For reactions with an unfavor-
able proton-transfer driving force, the electron trans-
fer was found to be constrained by proton transfer so
that both occurred simultaneously (ETPT processes
[25]). In such cases, the coupling between the two
introduced a substantial increase in V, and a reduc-
tion in rate by several orders of magnitude. Both
these characteristics are dominant features of the
phenomenology of the Qo site reaction.
The restraining e¡ect is expected when the vG val-
ues of the partial processes force the electron transfer
to follow the proton transfer. Possible scenarios are



















Model A Model B
vGETPT =
vGPT+vGET =
V26 kJ M31 (0 kJ M31)
PT then ET (ETPT reaction):
vGPT1 = s 21 kJ M31 (s 21 kJ M31)
vGET1 = 6 5 kJ M31 (6321 kJ M31)
ET then PT (ET,PT reaction):
vGET2 = s 40.85 kJ M31 (s 14.85 kJ M31)
vGPT2 = 6314.85 kJ M31 (6314.85 kJ M31)
The two values shown for vGETPT are taken from
two models discussed by Hong et al. [16] to illustrate
a range of possible parameters for the reaction.
Model A. A modi¢ed Crofts-Wang [27] model in
which the ¢rst electron transfer is strongly endoer-
gic (vGETPTV26 kJ M31), and the SQ-ISPred in-
termediate dissociates to products. The large pos-
itive vG was introduced because of the failure to
detect any intermediate semiquinone under condi-
tions expected to maximize its appearance [27].
Model B. A modi¢ed Link mechanism [9,44] (val-
ues in parentheses) in which the equilibrium con-
stant is close to one, and a relatively stable SQ-
ISPred complex is formed. To account for the vG
of approx. 0, which is at variance with the data, it
was suggested that the failure to detect SQ or
ISPred by EPR re£ected a quenching through
spin interaction.
The pK values shown for dissociation of QH2/
QH3 and the QHc2 /QH
c are those suggested by
Rich and Bendall [29,30], and those for the ISP are
taken from titration data [17,28]. The driving force
for proton transfer is calculated from the BrÖnstedt
equation:
vGPT  2:03RTpKdonor3pKacceptor
From the thermodynamic cycle shown, the driving
force for electron transfer is then given by:
vGET  vGETPT3vGPT
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There is obviously some ambiguity about precise
pK values, since only limiting values are available for
most, and the association in the ES complex would
modify these from the values reported for the free
species. However, we found for the ISP that Em;7 and
pK values either in the isolated, or in the membrane
bound complex, were the same, and close to the val-
ue reported for the isolated soluble extrinsic frag-
ment [45]. As noted above, the association constant
for ES complex formation might be expected to
change the values from the free species by 6 1.4
kJ/M, but this is within the error of the approxima-
tions used.
It might be expected that the reaction would pro-
ceed by the pathway showing the most favorable ¢rst
step. For mechanism A, the pathway favored would
be the ETPT reaction, despite the strongly uphill
proton transfer reaction (approx. 21 kJ M31). For
mechanism B, the ET,PT process might be favored
(depending on limiting values), despite the unfavor-
able driving force for electron transfer, since this
would still be less than that for the PT process.
The ETPT mechanism provides a ready explanation
for the features of the quinol oxidation reaction that
are otherwise anomalous, so we might take this as
favoring mechanisms of type A.
If, as seems likely, quinol oxidation occurs through
an ETPT process, then the theoretical framework
developed in the context of the model reactions pro-
vides valuable insights to the critical parameters
needed for a better understanding. In the Cukier
and Nocera [25] treatment, the driving forces for
proton and electron transfer were considered as sep-
arate terms in the Frank-Condon factor. Clearly, it
will be interesting in the future to measure the e¡ects
of varying the two components contributing to the
driving force independently. The feasibility of such a
study is demonstrated by the e¡ects on rate of the
mutant strain in which the pK of ISPox was shifted
up by approx. 1 unit [26]. Cukier and Nocera [25]
treated the reorganization energy, VETPT, as single
term that re£ected the coupling between electron
and proton transfer, and the local polarizing e¡ect
of the proton. We may equate this with the value for
V measured for the overall process in our experi-
ments. In our own preliminary treatment, Marcus
parameters for simple electron transfer through the
protein that described the results well, gave a L-fac-
tor for the conductivity of the transfer path similar
to the mean value (1.4) derived by Moser et al. [37].
This suggests that the pre-exponential factors deter-
mining the limiting rate for ETPT might simplify in
a similar fashion to those for simple electron trans-
fer.
Fig. 2. The displacement of thermodynamic properties of QH2
and ISPox due to their association in the ES complex. A shows
the titration curve for rate of quinol oxidation assayed through
reduction of cyt bH in the presence of antimycin in wild type,
and a mutant strain showing similar properties. A theoretical
curve with Em;7 124 mV is drawn through the points, and com-
pared with the curve for titration of the Q pool at 90 mV. B
shows the rate as a function of pH measured near the maximal
value (at Eh 100 mV at pH 7.0). The Eh was adjusted at each
pH to keep the poise of the Q pool constant. A theoretical
curve using a pK of 6.5 is drawn through the points, and com-
pared with the curve expected from the pK of ISPox at 7.6.
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3.3. Conformational changes on occupancy of the
Qo site
Although the major di¡erence between the struc-
tures of mitochondrial bc1 complexes on changing
occupancy of the Qo site is in the position of the
ISP [2,4], the site also shows important changes in
conformation to accommodate inhibitors [7^10]. In
comparing the myxothiazol (or MOA-stilbene) and
stigmatellin structures, a substantial movement of
the protein has occurred so as to close the port
through which ISP His-161 accesses stigmatellin
[7,13]. This can be seen in the distances between
Ile-169, or Tyr-279, and residues on the other side
of the hole, which change by approx. 4.1 and 3.3
respectively [13]. These two residues bracket the
Fig. 3. The ‘see-saw’ of the -PEWY- loop. The change in conformation of the span between I269 and E272 is shown (dark). Top and
bottom show stigmatellin and myxothiazol structures, respectively. The inhibitors are shown as wireframe models with dotted van der
Waals radii. The remaining span in the neighborhood of -PEWY- is in light shading.
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highly conserved -PEWY- loop that contributes a
substantial part of the surface of the Qo pocket,
but the fold brings them close together (Fig. 3).
Another important di¡erence between the stigma-
tellin and myxothiazol structures is found deeper
within the Qo pocket, where a remarkable rotation
through 120‡ of the side chain of Glu-272 (the E of -
PEWY-) occurs. This is accompanied by a more gen-
eral widening of the pocket, and both changes open
up the proximal end of the pocket (close to heme bL)
to allow myxothiazol to get into the site and bind.
At the ISP access hole, Tyr-279 contributes to the
surface of the ISP access channel, and is among sev-
eral residues undergoing changes in position between
stigmatellin and myxothiazol structures. It also
shows changes in H-bonding, suggesting that it
might play an important role in the closure. To study
the role in turnover of the bc1 complex of Rb. sphaer-
oides, we mutated the equivalent residue, Tyr-302, to
Phe, Leu, Gln and Gly. All strains assembled the bc1
complex at normal levels, and grew photosyntheti-
cally, showing that this residue is not essential. Qui-
nol oxidation was assayed through the £ash-induced
kinetics of cyt bH reduction in the presence of anti-
mycin at EhV100 mV (quinone pool 30% reduced).
The mutants Y302Q, Y302G and Y302L showed a
decrease in the rate of 50-, 40- and 3-fold respec-
tively, but Y302F was essentially the same as wild
type. Surprisingly, the myxothiazol titration curve
for Y302G showed a 30-fold, and that in Y302Q a
7-fold, decrease in a⁄nity; the other two mutants
showed no marked myxothiazol resistance (Table
1). None of the mutant strains showed any signi¢-
cant resistance to stigmatellin.
As shown in Fig. 4, with the quinone pool oxi-
dized, but ISP reduced, all strains showed a line in
the EPR spectrum around gx = 1.8, which likely re-
£ects an interaction between these two species. For
the three strains with a reduced rate, the position or
amplitude or both were somewhat modi¢ed. In all
three, the peak was shifted to lower g-values. Inter-
estingly, the line shape for the Y302Q and Y302G
strains showed a peak at approx. 1.783, similar to
that observed in wild type bc1 complex after extrac-
tion until only approx. 1 ubiquinone/complex re-
mained in the membrane [18,19]. However, the am-
plitude of the line was similar to that seen in wild
type.
These data suggested that mutation of Tyr-302
Fig. 4. X-Band EPR spectra of the 2Fe-2S cluster in strains
with Tyr-302 modi¢ed. Chromatophores were suspended in 100
mM KCl, 50 mM MOPS at pH 7, with 1 mM Na-ascorbate
and 2 mM KCN. Under these conditions, the ISP was reduced,
but the quinone pool oxidized.
Table 1
Modi¢ed properties of the Qo site in mutant strains
Strain Rate, quinol oxidationa t1=2 (ms) Myxothiazolb I50 (WM) Stigmatellinb I50 (WM)
Wild type 0.6 0.70 0.4
Y302F 0.7 1.10 0.4
Y302L 2.2 1.20 0.3
Y302G 20 20 0.5
Y302Q 45 5 0.25
aMeasured through cyt bH reduction in the presence of antimycin.
bTiter for inhibition by myxothiazol or stigmatellin, as indicated, measured by the e¡ect on the rate of quinol oxidation.
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leads to changes in the quinone-binding pocket that
modify the interaction of H-ISPred with quinone
bound at the distal end of the pocket, and change
the con¢guration of the proximal end where myxo-
thiazol binds. Both e¡ects correlate to some extent
with the inhibition of electron £ow.
It is clear from the results that Tyr-302 is impor-
tant in the function of the Qo site, but not essential.
Since the phenylalanine mutant (Y302F) was least
a¡ected, the -OH group of tyrosine does not appear
to be important. This is surprising, because the struc-
tures show a changing pattern of H-bonding of this
residue between the di¡erent con¢gurations, includ-
ing a bond to the backbone -C = O of Cys-160 of ISP
[15], and molecular dynamics simulations [46] had
suggested that the -OH group might provide a tran-
sient H-bond to ISP-His-161 on removal of stigma-
tellin. The leucine mutant is also relatively un-
changed in kinetics and inhibitor binding,
suggesting that the aromatic character is not essen-
tial. The large di¡erences on mutation to Gln or Gly
are interesting because these side chains are so di¡er-
ent. The polarity of glutamine might be expected to
compensate for that of tyrosine, but clearly this is
not as signi¢cant as other factors, likely because of
the di¡erence in reach of the polar groups. For gly-
cine, the lack of a side chain would likely lead to
mispacking.
In the mitochondrial structures, Tyr-279 is on the
outside of the protein, on the surface at which the
ISP docks, and likely shows a similar con¢guration
in Rb. sphaeroides. Because the side chain does not
impinge on the binding domain of myxothiazol, the
resistance to myxothiazol seen in the mutant strains
was unexpected. The resistance was somewhat corre-
lated with the degree of inhibition of quinol oxida-
tion, as was previously observed for a number of
mutations at sites impinging on the proximal domain
of the Qo site [13]. Examination of the structures
shows that the closing of the stigmatellin access
port (seen in the myxothiazol structure) is coupled
to the enlargement of the proximal domain to ac-
commodate the occupant. This occurs through a ro-
tation (‘see-saw’) of the span between I269 and E272
around the conserved proline, as shown in Fig. 3. We
suggest that a similar motion occurs on oxidation of
quinol, and is essential for release of the second pro-
ton (through rotation of Glu-272 [15]), and move-
ment of the semiquinone anion close to heme bL.
Such a movement could account for the e¡ects ob-
served, since the expansion of the proximal domain is
required for myxothiazol binding, and would be re-
quired for occupancy by Qc3. Anything interfering
with this motion might therefore be expected to
give an inhibited electron transfer and resistance to
myxothiazol, as observed.
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